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ABSTRACT 

Both rotation- and accretion-powered low-mass bare strange stars are studied, the 
astrophysical appearances of which are especiaUy focused. It is suggested that fow- 
mass bare strange stars, with weaker ferromagnetic fields than that of normal pulsars, 
could result from accretion-induced collapses (AIC) of white dwarfs. According to 
its pecuHar timing behavior, we propose that the radio-quiet object, IE 1207.4-5209, 
could be a low-mass bare strange star with polar surface magnetic field '--^ 6 x 10^" 
G and a few kilometers in radius. The low-mass bare strange star idea is helpful to 
distinguish neutron and strange stars, and is testable by imaging pulsar-like stars with 
the future Constellation-X telescope. 

Key words: dense matter — pulsars: individual (IE 1207.4-5209) — pulsars: general 
— stars: neutron — elementary particles 



1 INTRODUCTION 

Astrophysics offers an alternative channel for us to ex- 
plore the fundamental laws in the nature, and the study 
of quark stars obeys exactly this spirit. It is a clear goal 
for part of laboratory physicists to find quark-gluon-plasma 
(or quark matter) in order to research into the problem 
of the elemental color interaction, whereas to detect as- 
trophysical quark matter may be a shortcut. Though one 
may conventionally think that pulsars are "normal" neu- 
tron stars lILattimer fc Prak ash 2001J, it is still an open 
issue whether pulsar-like stars are neutron or quark stars 
<Glendenning 2000] IWeber 19991 IMadsen 19991 . since no 
convincing work, neither in theory from first principles nor 
in observation, has confirmed Baade-Zwicky's original idea 
that supernovae produce neutron stars. Therefore, the ques- 
tion of detecting astrophysical quark matter is changed to 
be: how to identify a quark star? 

One kind of frequently discussed quark stars are those 
with strangeness, namely strange stars, which are very likely 
to exist. There are a few ways (e.g., of cooling behav- 
iors, mass-radius relations, etc.) proposed, by which neu- 
tron and strange stars could be distinguished. However the 
peculiar nature of quark surface has not been noted un- 
til 1998 CUs ov 20021 IXu 2003cll . As the strange star model 
JXu 2003d.) may work well to understand the various ob- 
servations of pulsar-like stars, including glitches and free- 
precessions IZhou et al. 20041 . there are at least three nat- 
ural motivations to study such stars with low-masses. 

(1) The formation of low-mass strange stars is a di- 
rect consequence of the presumption that pulsar-like stars 
are actually quark stars rather than neutron stars. One can 



not rule out this possibility (but neglected unfortunately) 
now from either first principles or astrophysical observa- 
tions. This paper is trying to catch astrophysicist's attention 
to the investigation relevant. 

(2) "Low-mass" may helpful for identifying strange 
stars. Bare strange stars can be very low-massive with 
small radii, while normal neutron stars can not. It is well 
known that the masses and radii of neutron and strange 
stars with almost the maximum mass are similar^; nonethe- 
less, low-mass neutron and strange stars have remarkably 
diflferent radu jAlcock, 1^'arhi fc Olinto'1986 Bombaci 199?! 
ILi et al. 199911 . Due to the color confinement by itself rather 
than gravitational bounding, a bare strange star could be 
very small, the radius of which with mass M < Mq is, from 
Eq.GOJ, 



R 



1.04 X 10^5, 



(1) 



and R = (4.8, 2.3, 1.0) km for M = (10"S 10"^ 1O"^)M0 if 
the bag constant B = 60 MeV/fm^. But the radii of neutron 
stars with ~ O.SA/q are generally greater than 10 km, and 
the minimum mass of a stable neutron star is ~ 10~^Mq, 
with radius R ^ 160 km (about two orders larger than 
that of low-mass bare strange stars with similar masses) 
{Shapiro fc Teukolsky 1983| l . It is consequently possible that 
we can distinguish neutron and strange stars by direct mea- 



^ This is the reason that one generally believes that neutron and 
strange stars can not be distinguished by measuring only their 
masses or radii, but tries to compare the observation-determined 
mass-radius relations with the theoretical ones in order to identify 
strange stars. 
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surements of the radii'^ of low-mass pulsar-like stars by X- 
ray satellites. Fortunately, low-mass neutron stars have been 
cared recently ( |Carriere, Horowitz fc Piekarewicz 2003^ , the 
radii of which may correlate with that of ■^"*'Pb because 
of the stellar central densities to be near the nuclear- 
matter saturation density. It is then worth studying low- 
mass strange stars in order to obtain crucial evidence for 
quark stars. 

(3) The conventional method to estimate the polar mag- 
netic fields of radio pulsars has to be modified if no certain 
reason forces us to rule out the possibility that low-mass 
bare strange stars could exist in the universe (see §3.1 for 
details). 

Additionally, the identification of a low-mass strange 
star, with mass < O.IM0, may also tell us whether the 
star is hare, since the radius of a bare strange star is much 
smaller than that of a crusted one in the low-mass limit 
HBombaci, Parenti fc Vigana 2 004 Xu 2003a I. 

The layout of the rest of this paper is as follows. First, 
a phenomenological view of strange quark matter is intro- 
duced in §2. After a study of the general nature of rotation- 
powered as well as accretion-driven low-mass bare strange 
stars in §3, we focus our attention on the central compact ob- 
ject IE 1207.4-5209 in §4, with some investigations of other 
potential candidates in §5. Although the major points of the 
paper are to propose candidates of low-mass quark stars ac- 
cording to astrophysical observations, an effort of probing 
into the origin of such stars is tried in §6. Finally, conclu- 
sions and discussions are presented in §7. 



2 QUARK MATTER PHENOMENOLOGY 

Strange quark stars are composed of quark matter with al- 
most equal numbers of it, d, and s quarks. There are actu- 
ally two different kinds of quark matter to be investigated 
in lab-physics and in astrophysics, which appear in two re- 
gions in the quantum chromo-dynamics (QCD) phase dia- 
gram (Fig.l). Quark matter in lab-physics and in the early 
universe is temperature-dominated (temperature T 3> 0, 
baryon chemical potential /ib ~ 0), while that in quark stars 
or as cosmic rays is density dominated {T ~ 0, /xb S> 0). Pre- 
viously, Monte Carlo simulations of lattice QCD (LQCD) 
were only applicable for cases with = 0. Only recent 
attempts are tried at /xb 7^ (quark stars or nuggets) in 
LQCD. We have then to rely on phenomenological models 
to speculate on the properties of density-dominated quark 
matter. 

In different locations of the diagram (Fig.l), besides 
that the interaction strength between quarks and gluons 
is weak or strong, the vacuum would have different fea- 
tures and is thus classified into two types: the perturbative- 
QCD (pQCD) vacuum and nonperturbative-QCD (QCD) 
vacuum. The coupling is weak in the former, but is strong 
in the later. Quark-antiquark (and gluons) condensations 

^ Also the very distinguishable mass-radius (M — R) relations of 
neutron and quark stars are helpful. The study of Lane-Emden 
equation with n = 2/3 (corresponding to the state of non- 
relativistic neutron gas with low masses) results in M oc , 
whereas, for low- mass quark stars, M oc , due to the color 
confinement of quark matter. 
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Figure 1. Schematic illustration of QCD phase diagram. 

occur in QCD vacuum (i.e., the expected value of {qq) 7^ 0), 
but not in pQCD vacuum. The chiral symmetry is sponta- 
neously broken in case the vacuum is changed from pQCD 
to QCD vacuums, and quarks become then massive con- 
stituent ones. LQCD calculations ( |Kogut et al. lOOH l show 
that the value of {qq) increases when the color coupling be- 
comes strong (i.e., as the temperature or the baryon density 
decrease). Therefore, we note that the quark de-confinement 
and the chiral symmetry restoration may not take place at 
a same time. 

Considerable theoretical efforts have been made in past 
years to explore the QCD phase diagram. When T or /^b are 
extremely high, there should be quark-gluon plasma (QGP) 
phase because of the asymptotic freedom, and vacuum is 
of pQCD. However, in a relatively lower energy limit, espe- 
cially in the density-dominated region, the vacuum is phase- 
converted to QCD one but the quarks could be still decon- 
fined. It is a hot point to investigate the possibility that real 
quarks may also be condensed (i.e., {qq) 7^ 0) simultane- 
ously when {qq) 7^ 0, the so-called color-superconducting 
(CSC) phases (for recent reviews, see, e.g., Ren 1200411 . 
Rischke [2QQAJ). Actually two CSC phases are currently dis- 
cussed. One corresponds to Cooper pairing among the two 
flavors of quarks (u and d) only, the two-flavor color super- 
conductivity (2SC) phase, in case that s quark is too massive 
to participate. Another one occurs at higher /iB in which a 
quarks are relatively less massive and are thus involved in 
Cooper pairing, the color-flavor locked (CFL) phase. 

However, another possibility can not be ruled out: 
{qq) — while {qq) 7^ 0. When T is not high, along the 
reverse direction of the fiB axis, the value of {qq) increases, 
and the color coupling between quarks and gluons becomes 
stronger and stronger. The much strong coupling may favor 
the formation of n— quark clusters (n: the number of quarks 
in a cluster) in the case (|Xu 2QQ3bl . Such quark clusters 
could be very likely in an analogy of a clusters moving in 
nuclei, which are well known in nuclear physics. Recent ex- 
perimental evidence for multi-quark (n > 3) hadrons may 
increase the possibility of quark clustering. The clusters are 
localized'^ to become classical (rather than quantum) par- 

^ We apply "local" to refer that "quark wavefunctions do almost 
not overlap" . In this sense, localized clusters can still move from 
place to place when T is high, but could be solidified at low T. 
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tides when the thermal de BrogUe wavelength of clusters 
A ~ h/VSmkT < I ~ [3n/(47r/nb)l^/^ (m: the mass of clus- 
ters, I: the mean cluster distance, rib: the baryon number 
density, /: quark flavor number), assuming no interaction is 
between the clusters. Calculation based on this inequality 
for f — 3 shows that cluster localization still exists even in 
temperature T ~ 1 MeV if n ~ 10^ . In addition, the interac- 
tion in-between, which is neglected in the inequality, would 
also favor this localization. 

In case of negligible interaction, quark clusters would 
become a quantum system in case of low temperature. How- 
ever, the interaction is certainly not weak since the vacuum 
is of QCD {{qq} 7^ 0). Now, a competition between conden- 
sation and solidification appears then, just like the case of 
laboratory low-temperature physics. Quark matter would be 
solidified as long as the interaction energy between neighbor- 
ing clusters is much larger than that of the kinetic thermal 
energy. This is why only helium, of all the elements, shows 
superfluid phenomenon though other noble elements have 
similar weak strength of interaction due to filled crusts of 
electrons. The essential reason for the occurrence of CSC is 
that there is an attractive interaction between two quarks at 
the Fermi surface. But, as discussed, much strong interac- 
tion may result in the quark clustering and thus a solid state 
of quark matter. In conclusion, a new phase with (qq) 7^ 
but (qq) = is suggested to be inserted in the QCD phase 
diagram (Fig.l), which could exist in quark stars. 

Astrophysics may teach us about the nature of density- 
dominated quark matter in case of those theoretical uncer- 
tainties. There are at lest two astrophysical implications of 
the solid quark matter state proposed. 

(1) Quark stars in a solid state can be used to explain 
naturally the observational discrepancy between glitches and 
free-precessions of radio pulsars lILink 200311 . since a solid 
quark star is just a rigid-like body (no damping preces- 
sion), and glitches would be the results of star-quakes. Ac- 
tually, it is found IZhou et al. 20041 that the general glitch 
natures (i.e., the glitch amplitudes and the time intervals) 
could be reproduced if the solid quark matter has proper- 
ties of shear modulus fj, — io^°~^* erg/cm"^ and critical stress 



10^ 



erg/cm 



(2) Ferro-magnetization may occur in a solid quark mat- 
ter, without field decay in the stars. Magnetic field plays a 
key role in pulsar life, but there is still no consensus on its 
physical origin although some ideas relevant (e.g., the flux 
conservation during collapse, the dynamo action) appeared 
in the literatures. Whereas, an alternative suggestion is the 
generation of strong magnetic fields by spontaneously bro- 
ken ferromagnetism in quark matter ifl^tsumi 2000). One 
of the advantages of ferromagnetic origin could be their un- 
changeable nature since there is no convincing evidence that 
fields decay in isolate pulsar-like stars*. However, the mag- 
netic domain structure may be destroyed by the turbulent 
motion in a fiuid quark star. This worry does not exist if pul- 
sars are solid quark stars ijXxi 2003b^ . Quark clusters with 
magnetic momentum may exist in solid quark stars. Solid 
magnetic quark matter might then magnetize itself sponta- 



* The seeming field-decay in the P — P diagram could be 
arisen from known selection effects, based on the simulations 



neously at sufficient low temperature (below its Curie criti- 
cal temperature) by, e.g., the flux-conserved field. Ferromag- 
netism saturated may result in a very strong dipole magnetic 
field. We therefore presume a ferromagnetic origin of pulsar 
fields in the following calculations. 



3 LOW-MASS BARE STRANGE STARS 
3.1 Rotation-powered phase 

The energy conservation for an orthogonal star (i.e., the 
inclination angle between magnetic and rotational axes is 
Q = 90°) with a magnetic dipole moment fi, a moment of 
inertia I, and angular velocity Q gives 

2 



3/c3 



(2) 



This rule keeps quantitatively for any a, as long as the brak- 
ing torques due to magnetodipole radiation and the unipolar 
generator are combined ( |Xu fc Qiao 200 For a star with 
polar magnetic field B and radius R, the magnetic moment 



(3) 



if the fields are in pure dipole magnetic configuration or 
if the star is an uniformly magnetized sphere. This results 
in the conventional magnetic field derived from P and P 
{P = 2n/Q is the spin period). 



B = 6.4 X 10' 



(4) 



if "typicaF values / — 10*^ g'Cni^ and R = 10^ cm are 
assumed. Note: the field is only half the value in Eq.JlJ if 
one simply suggests n = BR^ {Manchester fc Taylor 1977^ . 

However, neutron star's I and R change significantly 
for different equations of state, or for different masses even 
for a certain equation of state IILattimer fc PraTtash 200l1l. 
This means that the "typical" values may actually be not 
approximately constants. The inconsistency becomes more 
serious if pulsar-like stars are in fact strange quark stars 
since such a quark star could be as small as a few hundreds 
of baryons (strangelets) . 

Let's compute P and P for a quark star with certain 
mass M and radius R. First we approximate the momentum 
of inertia to be 7 ~ 2MR^ /5 (i.e., a star with uniform den- 
sity). This approximation is allowed for low-mass strange 
stars | |Alcock, Farhi fc Olinto 1986^ . In this case, the mag- 
netic field derived from P and P is then (IXu et al. 200111 . 
from Eq.© and Eq.©, 



B = y/o.GPPc^/'^M^^'^R-'^/n 

= 5.7 X 10^^My^R^^^/pP G, 



(5) 



where Mi = M/Mq and R = Ra x lif cm. As the 
strong magnetic fields of pulsars are suggested to be 
ferromagnetism-originated, we then assume the magnetic 
momentum 



^ = aK'r + hR 



13 



(6) 



fWak atsuki et al. 19921 . 



where {a, a; b, 13} is a parametric set. If the magnetized mo- 
mentum per unit volume is a constant ^v, one has {a = 
0, Q — 0;b — 47r^v/3,/3 = 3}. In case the magnetized 
momentum per unit mass is a constant pm, one has then 
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Pulsars 


P (ms) 


P (s/s) 


M (Mo) 


^ui (model 1) 


/.ini (model 2) 


/iv (model 3) 


/iv (model 4) 


J1518'' 


40.94 


2.73E-20 


1.56 


4.27E-7 




2.31E+8 




61534=^ 


37.90 


2.42E-18 


1.34 


4.00E-6 


3.10E-6 


2.10E+9 


3.52E+9 


B1913^ 


59.03 


8.63E-18 


1.44 


9.25E-6 


6.89E-6 


4.98E+9 


8.99E+9 


62127=^ 


30.53 


4.99E-18 


1.35 


5.15E-6 


3.97E-6 


2.72E+9 


4.57E+9 


B2303'' 


1066 


5.69E-16 


1.30 


3.28E-4 


2.56E-4 


1.71E+11 


2.80E+11 


J0737A'' 


22.70 


1.74E-18 


1.34 


2.62E-6 


2.03E-6 


1.38E+9 


2.31E+9 


J0737Bb 


2773 


0.88E-15 


1.25 


6.65E-4 


5.19E-4 


3.43E+11 


5.61E+11 



Table 1. Pair neutron stars and the model parameters derived. Models numbered 1, 2, 3, and 4 are for {a = /Jm,« = l;fe = 0,/3 = 
0;B = 60MeV/fm3}, {a = fin^,a = l;b = 0, = 0; B = llOMeV/fm^}, {a = 0,o = 0;fe = 4^(1^/3,(3 = 3; B = 60MeV/fm3}, and 
{a = 0, « = 0; fe = 47r/iv/3, /3 = 3; B = llOMeV/fm^}, respectively, where B is the bag constant. The former two are for constant 
magnetic momentum fim (G-cm'' g~^) per unit mass, while the later two for constant momentum /Xv (G) per unit volume. Note: "a" 
denotes Thorsett & Chakrabarty (1999), "b" denotes Lyne et al. (2004). 



{a = /ini, a — l;b — 0, P = 0}. From Eq.l|5J and Eq.Q, one 

comes to 



PP 



This equation shows that a pulsar with certain initial param- 
eters [M and R) evolves along constant {PP)- Integrating 
Eq.JTJ above, one obtains the pulsar age T 



T ■ 



2PP 



(8) 

P/(2P) 



where Po is the initial spin period. The age T — 
when Po < P- 

The mass of a pulsar is detectable dynamically if 
it is in a binary system, but precise mass estimates 
are only allowed by the measurement of relativistic or- 
bital effects. It is therefore to determine the model pa- 
rameters (/ini and /iv) in Eq.Q by pair neutron star 
systems (Thorsett & Chakraba rty 1999| |Lyne et al. 2004| l. 
Four cases possible are investigated, the calculational results 
of which are listed in Table 1. The mass-radius relations for 
the calculation are in the regime of strange quark matter 
described by a simplified version of the MIT bag model, in 
which the relation between pressure V and the density p is 
given by 



(9) 



where the bag constant B is chosen to be 60 MeV/fm'^ (low 
limit) and 110 MeV/fm"^ (up limit), respectively. It is as- 
sumed that the mass and radius of a star do not change sig- 
nificantly during quark-clustering and solidification as the 
star cools. 

The values of and fi^ are grouped into two classes 
in Table 1. One class has higher /im or for normal pul- 
sars (B2303 & J0737B only), but the other (of millisecond 
pulsars) has lower fim or /iv We just average the values of 
B2303 & J0737B for indications of normal pulsars; Model 1: 
^im = 4.97 X 10"" G-cm^-g~\ Model 2; ^im = 3.88 x 10"" 
G-cm^'-g-S Model 3: fiy = 2.57 x lO" G, and Model 4: 
fiv = 4.21 X 10^^ G. According to Eq.Q and the mass-radius 
relations of strange stars [numerically calculated, with the 
state equation Eq.lO and the TOV equation], choosing the 
model parameters above, we can find values of PP for cer- 
tain masses, which are represented in Fig.2. It is found that 
the PP value is limited by either the maximum mass (mod- 
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-'-'Wlodel 1 
Model 2 

r 











0.2 0.4 0.6 0.8 1 1.2 

Mass (in solar mass) 



Figure 2. The PP value based on Eq.Q. Model 1: /im = 4.97 X 
10"* G cm3-g-l, Model 2: p.^ = 3.88 X 10""' G-cm^-g-l, Model 
3: = 2.57 X IQll G, and Model 4: fi^ = 4.21 X 10^1 G. 



els 1 and 3) or by mass-radius relations (models 2 and 4). 
The maximum PP value could be a few 10~^^ s. 

In model 1 with = 5x 10"* G-cm^-g~^, a pulsar with 
certain mass {2Mq, 1.5Mq, and IMq, respectively) evolves 
along constant PP (solid lines in Fig. 3). These three lines 
pass through almost the middle region of normal pulsars. It 
is thus suggestive that the distribution of scattered points 
of normal pulsars could be the result of the variation of 
^m, rather than that of pulsar mass. Actually, if the mass 
is fixed to be 1.5Mq, most of the normal pulsars are be- 
tween /im = 5 X 10~^ and 5 x 10~^ G-cm^-g~^. However, 
in model 1 with lower firn for millisecond pulsars (e.g., 10~® 
G-cm^-g~^), the line with mass ~ IMq of constant PP does 
not pass through the center of millisecond pulsar points. It is 
unlikely that the variance of p-m is responsible for this unless 
the fim values of those millisecond pulsars listed in Table 1 
are not representative. Therefore, we propose alternatively 
that some of the millisecond pulsars could be low-mass bare 
strange stars, with mass <^ Mq. Similar conclusions can be 
obtained in the other models (i.e., models 2, 3, and 4). 

For low-mass bare strange stars, the value PP 
can be obtained analytically. The mass (^~ Mq) 
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Figure 3. The PP diagram of pulsars. Tliree solid lines 
from top are for constant PP values of pulsars with masses 
2Mq, 1.5M0, and IMq, respectively, in model 1 (p,ui = 5 X 
10"'* G-cm^-g~^). Dotted lines are also for constant PP, but 
lower (10"® G cm'^ g"^). These ten dotted lines from top 
are for pulsars with mass Mq, IQ-^Mq, IQ-^Mq, IO-^Mq, 
1O-*M0, 1O-5M0, IO-'^Mq, 10-'^ Mq, IO-^Mq, and IQ-^Mq, 
respectively. The lines labelled a, b, c, d, and e are of 
constant potential drops 0. See the text for the parame- 
ters of these 5 lines. The pulsar data are downloaded from 
|http: / /www. atnf.csiro.au/research/pulsar/psrcat 



of bare strange stars can be well approximated by 
jAlcock, Farhi fc Qlinto 1986^ , because of Eq.Q, 



(10) 



where B = (60 ~ 110) MeV/fm^ i.e., (1.07 ~ 1.96) x 10^ 



leva? . Combing Eq.Q and Ea. H10|l . one comes to 



PP 



3207r>g 
9^ 



BR, 



(11) 



(12) 



for models 1 and 2, and 

PP _ 207rVg R 
9c3 B' 

for models 3 and 4 in the low-mass limit. 

Lines of constant potential drops in the P — P diagram. 
The potential drop in the open-field-line region is essential 
for pulsar magnetospheric activity. We adopt only Model 1 
in the following indications. From Eq.lO, 0, and 1101 . one 
has 



B 



32n = 

— Bm. 



(13) 



This shows that the polar fields of homogenously mag- 
netized quark stars, with certain pm, of different low 



mcisses are approximately the same, 
between the center and the edge 
IIRuderman fc Sutherland 1975t 

^ = '^R^BP-^ 

In case of approximately constant /im, 
veniently expressed as, from Ea. ll3ll . 



The potential drop 
of a polar cap is 



(14) 

Eg. (1141 can be con- 



647r-' 
3c2 



Bp., 



,R^P- 



(15) 



From Eq.JTTJ and (O . one has 

•3 2.026 X 10"^ ^2 5 
PP = = B p^-,4>. 



(16) 



However, if the variance of pulsar masses (or radii) is smaller 
than that of /im, it is better to express potential drop as, 
from Eq.@ and Eg.llTIll. 



= 27r 



167r 
"57 



BR^PP- 



(17) 



where Eg. (1101 is included. The lines of constant (j> are drawn 
in Fig. 3, based on both Eg. (1161 (dashed lines labelled a, b, 
and c, with a slop of —1/3) and Eg. (1171 (dash-dotted lines 
labelled d and e, with a slop of 3). The parameters for these 
lines are as following, a: = 10^^ V, /im ~ 10~® G-cm'^-g~^; 
h: (P = V, pn, = 10"'' G-cm^-g-i; c: = 10^^ V, 

fin, = 10"^ G-cm^-g-^; d: <;/> = 10^^ V, R = 10 km; and e: 
= 10" V, R=l km. 

Pair production mechanisms are essential for pulsar ra- 
dio emission. A pulsar is called to be "death" if the pair 
production condition can not be satisfied. A general review 
of understanding radio pulsar death lines can be found in 
(Zhang 2003). Although a real deathline depends upon the 
dynamics of detail pair and photon production, the death- 
line can also be conventionally taken as a line of constant 
potential drop 0. It is found in Fig. 3 that the slop of con- 
stant (j) is —1/3 (or 3) if the scattering distribution of pulsar 
points in P — P diagram is due to different masses (or po- 
lar field B) but with constant /im (or mass or radius). The 
deathline slop may be expected to be between —1/3 and 3 
if the distributions of mass and polar field are combined. 

3.2 Accretion-dominated spindown 

The physical process of accretion onto rotating pulsar-like 
stars with strong magnetic fields is very complex but is es- 
sential to know the astrophysical appearance of the stars 
(e.g., the variation of X-ray fiux, the evolutional tracks, etc.), 
which is still not be understood well enough ULipunov 1992l l. 
Nevertheless, it is possible and useful to describe the accre- 
tion semi-quantitatively. 

For an accretion scenario in which the effect of kine- 
matic energy of accreted matter at infinite distance is neg- 
ligible (such as the case of supernova fall-back accretion), 
three typical radii are involved. The radius of light cylinder 
of a spinning star with period P is 

n = — = 4.8 X loV cm. (18) 
27r 

If all of the accretion material is beyond the cylinder, the star 
and the accretion matter could evolve independently. The 
magnetospheric radius, defined by equating the kinematic 
energy density of free-fall particles with the magnetic one 
B^/(8tt), is 



B^R' 



n2/7 



' M^/2GM 



(19) 



where M is the accretion rate. In the low-mass limit of 
bare strange stars, considering the mass-radius relation of 
Eq.lEOl, Eq.(ITnj becomes 



= (_3_)l/rB-l/754/7^9/7^-2/7 

= 0M4B7^'^'B^/'R^^'M-^/', 



(20) 
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where the bag constant B = Bgo x 60 MeV/fm^. If a star is 
homogenously magnetized per unit mass (i.e., in Models 1 
and 2), according to Ea. l|i:-{|l . one has from Eo. ()2()^ 



4.9 X W Bli' R""' M-^^' ■ 



(21) 



Due to the strong magnetic fields around a spinning star, 
matter is forced to co-rotate, and both gravitational and 
centrifugal forces work. At the so-called corotating radius 
Tc, these two forces are balanced, 



_ ,GM 1/3 2/3 



1.2 X 10"^M^''^P^''^ 



(22) 



In the low-mass limit, one has from Eg. lim and Eg. 1221 



= (4G)l/3^1/3^p2/3 



(23) 



In another case, in which the kinematic energy at infin- 
ity is not zero (i.e., ISM or stellar wind accretion), besides 
those three radii, an additional one is the accretion radius 
ra, at which the total energy (kinematic and gravitational 
ones) is zero. 



= 2GMV- 



(24) 



where Vao is the relative velocity of the star to the surround- 
ing media. The motion of matter only at a radius < ra could 
be affected by gravity, and the mass capture rate is then 



(25) 



where p is the density of diffusion material. 

Due to the centrifugal inhibition, since the radius of 
matter nearest to the star could be r-m, massive accretion 
onto stellar surface is impossible when r^n > r^- This is the 
so-called supersonic propeller spindown phase. A star spins 
down to the equilibrium period Pcq, defined by = Tc- In 
the low-mass limit, one has, from Eq.ll^OJ and EaCT. 



5/7^-5/7 p6/7p3/7 



B°''R-"'M 



-3/7 



(26) 



or assuming a homogenous magnetic momentum per unit 
mass, from Ea. l2H and Ea ll23L 



15G" 



-3/7 



(27) 



However, accretion with rate M onto the stellar surface 
is not possible, although the centrifugal barrier is not 
effective when P > Peq, until the star spins down to 
a so-called break period (Davies, Fabian fc Pringle 1979| 
[Davies fc Pringle 198l| Jkhsan ov 2003r 



n 16/21 ,>-5/7 ,^-4/21 

Pbr = 60/i3o' M^g Mj 



= 36B, 



60 

0.49B, 



30 ^"15 

4/21^16/21^-5/7 pl2/7 



12/21 16/21 



60 



Rq 

5/7„12/7 



(28) 



in the low-mass limit, where Eq.©, Eq.lO, and Eq.lO 
have been included, and the convention Q = 10"Qn has been 
adopted. Pulsars with periods between Peq and Pbr do still 
spin down. This phase is called as subsonic propeller. Only 
a negligible amount of accretion matter can penetrate into 
the magnetosphere (onto the stellar surface) during both the 
supersonic and subsonic propeller phases Hlkhsanov "20031 . 
and the expected accretion luminosity is thus very low. 

How to determine quantitatively the spindown rate 
when a pulsar is in those two propeller phases? No certain 



answer known hitherto for the propeller torques, even not to 
be certain about the accretion configuration (disk or sphere). 
Nonetheless, if the spinup effect of matter accreted onto stel- 
lar surface is neglected, the spindown rate can be estimated 
according to the conservation laws of angular-momentum 
and/or rotational-energy jPavies, Fabian fc Pringle 1979| l. 
The escape velocity at radius r is Approximat- 
ing the stellar angular-momentum loss rate -~2-kIP / to 
that of accretion material near Vm (based on the angular- 
momentum conservation), we have 



^ ^Jl,/l/2j-l^^l/2p2 

= ^B-^/^R-'/''Mr]I^P\ 



(29) 



where Eg. llOt is introduced. However, in case of energy con- 
servation, IQ.C1 = —GMM/r^, one comes to 



J^MI-^Mr-^P'' 
jS,R-^Mr-'P^ 



(30) 



4 THE CASE OF IE 1207.4-5209 

The radio-quiet central compact object in the supernova 
remnant PKS 1209-51/52, IE 1207.4-5209, is a unique 
pulsar-like star which is worth noting since we known much 
information about it: the rotating period P — 0.424 s, the 
cyclotron energy iJcyc = 0.7 keV |Bignami et al. 2003| l, the 
age r ~ 7 kys estimated from the remnant, with an uncer- 
tain ty of a factor of 3 jRoger et al. 2003| l, the timing proper- 
ties ll Zavlin et al. 2004L and the thermal X-ray spectrum of 
long-time observations (Dc Luca ct al. 2004). The distance 
to the remnant is d = 1.3 ~ 3.9 kpc, the X-ray flux in a 
range of 0.4-8 keV is 2.3 x 10~^^ erg cm~^ s~^, and the cor- 
responding X-ray luminosity is then L — (0.47 ~ 4.2) x 10^^ 
erg/s llPavlov et al. 20031 . However, the more we observe, 
the knottier astrophysicists can have a model to understand 
its nature. 

Two issues are addressed at first. One is about its ab- 
sorption lines. The lines at 0.7, 1.4, and 2.1 keV (and pos- 
sibly 2.8 keV) are identified, which are phase-dependent 
l |Mereghetti et a l. 2002|l. These im ply a cyclotron-origin of 
the features UBignem^t al. 2003"] IXu et al. 2003(l . although 
this possibility was considered to be unlikely when discov- 
ered by Chandra f Sanwal ct al. 2002 1 . However, there are 
still two questions relevant to this issue. 

(1) Where does the absorption form (near the stellar 
surface or in the magnetosphere)? An e* plasma surround- 
ing a magnetized neutron star, maintained by the cyclotron- 
resonance process, was suggested to prevent a direct detec- 
tion of the stellar surface in X-ray band, the existence of 
which seems to explain the age dependance of the effective 
radiating area (IRuderman 20031 . The cyclotron lines would 
thus form at a height where resonant scattering occurs. 
In the regime, all neutron stars with high B-fields should 
present cyclotron absorption in their thermal X-ray spec- 
tra; but this confiicts with the observations. In addition, the 
physics of the plasma is still not well studied, and its den- 
sity and stability are not sure. An alternative and intuitive 
suggestion is that the line forming region is near the stellar 
surface. In this case, we may need bare quark surface, with 
an electron layer of density ~ 10^^ cm~^ and thickness of a 
few thousands of fermis, in order to explain those absorption 
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dips. Due to the degeneracy of electrons, only electrons near 
the surface of fermi-sea can be exited to higher levels, the 
the number of which is energy-dependent. For instance, the 
number of electrons which resonantly scatter photons with 
energy ~ 1.4 keV could be about the double of that with 
~ 0.7 keV. The number of electrons, which are responsible to 
cyclotron-resonant of photons with higher energy, is there- 
fore larger although absorption cross-section is smaller. An- 
other factor, which may also favor more electrons to absorb 
higher energy photons, could be of radiative transfer process 
(e.g., a certain layer might be optically thick at ~ 0.7 keV, 
but optically thin at ~ 2.1 ekV), but a detail consideration 
on this is necessary in the future. We conclude then that it is 
reliable to assume a surface origin for the cyclotron-resonant 
lines. 

(2) Is the cyclotron resonant in terms of electrons or 
protons? The fundamental electron cyclotron resonant lies 
at Ai5e = II.6-B12 -^/l — Ts/i? keV, while the proton one at 
AEp = 6.3Bi2v^l - Ts/R eV, where = 2GM/c^ is the 
Schwartzchild radius. For a star with 10^ cm and IMq , the 
factor ,/l - n/R = 0.84. In case of lower mass strange 
stars, Ts/R ~ R^ is smaller, and the factor is closer to 1. 
We thus just approximate the factor to be 1, the field is 
then B = 6 X lO"' G in terms of electrons, B = lO" G 
of protons. If the lines are proton-originated, there is still 
two scenarios. One is that the multipole fields have strength 
Bm ~ 10" G, but the global dipole field Bp ~ 3 x 10^^ 
G is much smaller in order to reconcile the spindown rate 
expected from Eq.ll^J. This means that the stellar surface 
is full of fiux loops with typical length hoop, which can be 
estimated to be ( [Thompson fc Duncan 1993| , 

^loop ~ \/ ~ 10^i?6 cm. (31) 

V Bin 

The maximum release energy due to magnetic reconnection 
could be ~ {B^/8Tv)lfoop ~ erg. If the dynamical insta- 
bility takes place at a short timescale of ~ 1 s, as observed 
in soft 7-ray repeaters, bursts with ~ 10*'^ erg/s might have 
been detected in IE 1207.4-5209; but we do not. Another 
scenario is that the dipole field of IE 1207.4-5209 is ~ 10^* 
G, but the accreted material onto the stellar surface con- 
tributes a positive angular momentum. The magnetodipole 
radiation should spin down the object at a rate P = 2x 10"^" 
s/s, based on Eq.l|lJ, which is much larger than observed 
(~ 10~^* s/s). This discrepancy might be circumvented if 
accreted matter contributes a positive momentum. Yet, this 
can only be possibly when P > Pbr, which results in an ac- 
cretion rate, according to Eq.(|2HJ, M > 0.9 x 10^^ g/s and 
an X-ray luminosity Lx > lO'^^ erg/s, to be much larger than 
observed L ~ 10^^ erg/s, for typical neutron star parame- 
ters. In both pictures, however, a strange thing is: why does 
not this star with magnetar-field show magnet ar- activity 
(e.g., the much higher luminosity ~ ]^g34-35 gj-g^g pg]._ 
sistent X-ray emission, observed in anomalous X-ray pul- 
sars and soft 7-ray repeaters)? In addition, there is still no 
idea to answer why the feature strength is similar at ~ 0.7 
and ~ 1.4 keV (and even the appearance of a line at ~ 2.1 
keV), due to the high mass-energy of protons (~ 10"^ times 
that of electrons), as discussed in the case of SGR 1806-20 
ijXu et al. 2003|l . We therefore tend to suggest an electron- 
cyclotron-origin of the absorption features. 



Another issue is about its radius detected. In princi- 
ple, one can obtain a radius of a distant object by detecting 
its spectrum (fitting the spectrum gives out a temperature 
T if a, Plankian spectrum approximation is good enough) 
and flux F, through F = ctT* ■ R? /d? (R is radiation ra- 
dius, not the coordinate radius -Rcoord in the Schwartzschild 
metric. R = -Rcoord/\/l — Tb/ Rcoord if the spectrum is 
Plankian), if the distance d is measured by other meth- 
ods (e.g., parallax). However, we are not sure if the ther- 
mal spectrum of IE 1207.4-5209 is really Plankian, and we 
do not known the distance neither. Nonetheless, since the 
spectrum depends also on the ISM absorption (the neutral 
hydrogen density is supposed to be known), one may fit 
the spectrum by free parameters T, d, and R. Note that 
radii determined in this way are highly uncertain. A ra- 
dius of ~ 1 km was obtained in single-blackbody models by 
ROSAT f Mereghetti, Bigna mi fc Caraveo 1996} and ASCA 
IVasisht et al. 19971 observations, whereas a 10 km-radius 
was suggested in an atmosphere model of light-elements by 
| |Zavlin, Pavlov fc Trumper 1998| l. An XMM-Newton obser- 
vation yields recently two-blackbody radii fitted: R — 0.8 km 
and 4.6 km for hotter and cooler components, respectively 
jPe L uca ct al. 2004il . The possibility, that IE 1207.4-5209 
may have a radius to be much smaller than 10 km of con- 
ventional neutron stars, is thus not ruled out. 

Now we turn to a low-mass bare strange star model 
for IE 1207.4-5209. Besides the absorption features, the 
most outstanding nature, that makes the pulsar be puz- 
zling enough, should be its timing behavior: it does not spin 
down stably but seems to spin up occasionally. Furthermore, 
two or more probability peak-frequencies are identified dur- 
ing each of the five observations ( Zavli n et al. 2004t . Pulsar 
glitches and Doppler shift in a binary system were proposed 
for the "spinup" llZavlin et al. 20041 IDe Luca et al. 200411 . 
but the multi-frequency distributions are still not well un- 
derstood. An alternative model proposed here is that the 
pulsar is a low-mass bare strange star which is at a critical 
point of its subsonic propeller phase, P ~ Pbr. 

Steady accretion onto a magnetized and spinning star 
is possible only if P > Pbr, when magnetohydrodynamic 
(e.g., Rayleigh- Taylor and Kelvin-Helmholtz) instabilities 
occur at the magnetospheric boundary lArons fc Lea 19761 
lElsner fc Lamb 198411 . Before the onset of the instabili- 
ties, accretion plasma can only penetrate into the magne- 
tosphcrc by diffusion, with a rate much smaller than M 
(Ikhsanov 2003 1. Propeller torque may spin down a star 
to a period of P > Pbr. At this period, steady accretion 
does not occur until the density just outside the bound- 
ary increases to a critical density of pcrit ~ 7pm when the 
Rayleigh- Taylor instability happens (lElsner fc Lamb 19841 . 
where pm ~ M /{47vrl,^y2GM/r^). The star should then be 
spun up by steady accretion torque^. However, increasing 
the spin-frequency may dissatisfy the necessary condition for 
steady accretion, P > Pbr. The star will then return back 

^ In case of wind— fed accretion in binary systems, the star will 
spin up (or down) if the accreted material has a positive (neg- 
ative) angular momentum. Whereas, in case of fallback disk ac- 
cretion or ISM-fed accretion, the momentum of accreted matter 
should be positive, and the steady-accretion-induced torque leads 
the star to spin up. We are not considering accretion in a binary 
system here. 
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to a subsonic propeller phase when the decreasing period 
is low enough, and it spins down again. We could therefore 
expect an erratic timing behavior when a pulsar is at this 
critical phase, P ~ Pbr- The object IE 1207.4-5209 could be 
an ideal laboratory for us to study the detail physics in such 
an accretion stage. 

For IE 1207.4-5209, setting Pbr = 0.424 s, Bx2 = 0.06, 
one has /Xm = 9.1x 10~®Bfio G-cm^-g~^ from Eg. llT^ . which 
is close to that values of millisecond pulsars (Table 1). The 
accretion rate reads, from Eq.((2HJ, 



14p-4/15^12/5 (32) 

and the magnetospheric radius is then, from Ea. l|2()|l . 

(33) 



'1/15 7,3/5 



= 2.5 X 10'BgV"i?5 



As for the instantaneous spindown rate in the subsonic pro- 
peller phase, we apply Eg. 12911 and Eg. 1301 for estimation, 
according to the momentum and energy conservations, re- 
spectively. One has then. 



1.9 X lo-i^p-*/'^/?.:*/', 



Pe = 1.3 X 10' 



3 R" 



1/5^-1/5 



(34) 



These results imply that the instantaneous period increase 
could be one or two orders larger than the averaged one 
(~ 10~^* s/s) if Ps ~ 1. A precision measurement of instan- 
taneous Pinst may tell us the actual radius. In fact, possible 
spinup has been noted in the XMM-Newton observations of 
August 2002, with an instantaneous period decrease rate 
Pinst = — (3 ~ 6) X 10"^'', whereas spindown in Chandra 
observations of June 2003, with Pnst ~ 2 x 10~^^ to be 
much larger than the averaged one IZavlin et al. 200411 . The 
conjectured radius is then likely to be ~ 1 km, based on 
this instantaneous rate and the spindown rule of Eg. 1301 ). 
and IE 1207.4-5209 could be a low-mass bare strange star 
(M ~ 1O"^M0). Such a high accretion rate (~ lO" g/s) 
can certainly not of the capture by the star from interstellar 
medium matter, but could be due to a fallback flow, sine 
the age is relatively young (~ 7 kys). The age discrepancy 
between the SNR age and that'' of P/(2P) is not surpris- 
ing since the pulsar is not dominantly rotation-powered. It 
depends on the detail physics of magnetospheric boundary 
interactions to solve the age problem for this pulsar. 

The accretion X-ray luminosity, for steady accretion 
with rate of M, could be ~ GMM/R ~ 10^^ erg/s, which 
is comparable with the observed L ~ 10^'^ erg/s. This hints 
that the X-ray radiation of IE 1207.4-5209 could be powered 
by both of cooling and accretion. Note that, from Eq.Q, the 
energy-loss rate due to magnetodipole radiation from such 
a low-mass star is only ~ lO^** erg/s, to be much smaller 
than the X-ray luminosity L. Therefore, such pulsar-like 
stars have negligible magnetospheric activities, and can be 
observed only if they are near and young enough. 

The models proposed, including this strange-star model 
and that of IZavlin et al. 2004ll . can be tested by future tim- 
ing observations. The Doppler shift model should be ruled 
out if future pulses are not arrive at the time expected in the 
model. If random spin nature can be conflrmed as a general 
nature in more precise observations, we may tend to suggest 



See Eq.lHJ, for the case of Pq < 0.424 s. 



P ~ Pbr for IE 1207.4-5209, since glitching pulsars usually 
spin stably except during glitches. 



5 OTHER CANDIDATES OF LOW-MASS 
STRANGE STARS 

A first candidate pulsar of low-mass strange stars was sug- 
gested in 2001 IXu et al. 200111 : the fastest rotating mil- 
lisecond pulsar PSR 1937-^21 (P = 1.558 x 10"^ s, P = 
1.051 X 10~^® s/s). In order to explain its polarization behav- 
ior of radio pulses and the integrated profile (pulse widths 
of main-pulse and inter-pulse, and the separation between 
them), this pulsar is supposed to have mass < O.2M0 and 
radius < 1 km. The polar magnetic field is 8.2 x 10* G 
based on Eq.||lJ for conventional neutron stars, but could 
be 2.2 X 10^ Bg^^ G if the radius P = 1 km and Eq.0 and 
Eg. 1101 are applied. 

The low mass may actually favor a high spin frequency 
Q during the birth of a bare strange star. The defined Kepler 
frequency of such stars could be approximately a constant. 



GM -I T-> 

— = 1.1 X 10 Bfio 



1/2 -1 
s , 



(35) 



with a prefactor of ~ 0.65 at most for M ~ Mq and R ~ 
10^ cm UGlendenning 2000| l. The initial rotation periods of 
strange stars are limited by the gravitational radiation due 
to r-mode instability fMadscn 1998). At this early stage, the 
stars are very hot, with temperatures of a few 10 MeV, and 
we may expect a fluid state of quark matter, without color 
superconductivity. The critical SI satisfies the equation 



1 1 1 „ 
— + — + — = 0, 

'"gw "^sv '^bv 



(36) 



where the growth timescale for the instability (the negative 
sigh indicates that the model is unstable) is estimated to be. 



= -3.85 X lO^^Q-'^M-^R'*, 



(37) 



and Tsv and rbv are the dissipation timescales due to shear 
and bulk viscosities, respectively. 



1.85 X 10-«af/'Af-5/«P"/3y5/3 



Tbv 



= 5.75 X 10" 



(38) 



and Qfs the coupling constant of strong interaction, T the 
temperature, mioo the strange quark mass in 100 MeV. 

The calculated results, based on Eg. 1361 . are shown in 
Fig. 4. It is found that low-mass bare strange stars can ro- 
tate very fast, even faster than the Kepler frequency (Note: 
the surface matter is not broken at super-Kepler frequency, 
due to the self-bounding of quark matter), and one would 
then not be surprising that the fastest rotating pulsar could 
be a low-mass bare strange star. However, though it needs 
advanced technique of data collection and analysis to de- 
tect sub-millisecond radio pulsar, we have not find one 
yet pdwards, van Straten fc Bailes 200T| IHan et al. 20041 . 
This negative result could be due to: (1) The dynamical pro- 
cess does not result in a sub- millisecond rotator; (2) No mag- 
netospheric activity exists for very low-mass strange stars 
whose P is very small, since the potential drop is not high 
enough to trigger pair production (see §3.1). In the later 
case, a nearby sub-millisecond radio pulsar could be found 
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R = 1km, m100 = 1.5, B = 6 
R = 1km, mlOO = 1.5, B = 1 




■ R= 10km, m100= 1.5, B = 60 



10^ 



g, while very low mass strange quark matter 



Figure 4. Temperature dependence of the maximum angular fre- 
quency in rotating bare strange stars, due to the gravitational in- 
stability in the r-modes. The coupling constant = 0.1. Other 
parameters are shown for each types of lines. The bag constant 
B is in unit of MeV/fm^. 



by X-ray observations since a hotspot, powered by rotation 
and/or accretion, may form on the stellar surface. 

RX J1856. 5-3754 is another candidate. RX J1856.5- 
3754 could be low-massive, based on the X-ray spectrum, 
but the main puzzle is the origin of its optical radia- 
tion, the intensity of which is about 7 times that ex- 
trapolated from the Rayleigh- Jeans law of X-ray spectrum 
HBurwitz et al. 200311 . If RX J1856. 5-3754 is a spinning mag- 
netized star, its magnetosphere could be surrounded by a 
spherically quasi-static atmosphere, in which the plasma 
temperature is of the order of the free-fall temperature 
jLipunov 19921 llkhsanov 2003L 

T« = (39) 

where mp the proton mass and k the Boltzmann constant. 
The dissipation of stellar rotation energy, as well as the 
gravitational energy of accreted matter, may heat the en- 
velop, which could be responsible for the UV-optical emis- 
sion. The soft-component-fitted parameters could thus be of 
this quasistatic envelop, with temperature < 33 eV and ra- 
dius > 17 km. Assuming Tg < 33 eV and rm > 17 km, one 
has low limit'' of the stellar mass M > 4x lO^^M©, or radius 
7? > 0.1 km. While the hard-componcnt-fitted stellar radius 
is R = 4.4 km (,Burwitz ct al. 2003). One can also infer an 
accretion rate M ~ 4x 10^° g/s, from Eq.||5TJ for = 10"'' 
G-cm^-g~^. The X-ray luminosity due to accretion is then 
> 3 X 10^^ erg/s. This model for soft component could be 
tested by more observations in sub- mm bands, besides in op- 
tical and UV bands, since the quasi-static atmosphere could 
also be effective in radiating infrared photons if it is dusty. 

Strange quark matter with mass <^ Mq could be ejected 
by a massive strange star (~ Mq) during its birth or by colli- 
sion of two strange stars, and such low-mass matter may ex- 
plain a few astrophysical phenomena IXu fc Wu 200311 : the 
planets around pulsars could be quark matter with mass 



For blackbody radiation, rmT^ is a constant. Accordint to 
Eq.JSni, one come to M ~ r^T ~ {rmT^)T-^. 



(called as strangelets) with baryon numbers of ~ 10 may 
be the nature of ultra-high energy cosmic rays beyond the 
GZK cutoff. The bursts of soft 7-ray repeaters could be due 
to either the starquake-induced magnetic reconnection or 
the collision between a strange planet and solar-mass bare 
strange star. The collision chance would be not low if both 
objects form during a same supernova, or in a same binary 
system. Some of the transient unidentified EGRET sources 
JWallace et al. 2 000) may represent such collision events, 
the gravitational energy release of which is 



= 2 X IO^^bIo 



{Rl + RlV^' 



ergs, (40) 



where "a" and "b" denotes two objects of strange quark 
matter. The released energy could be ~ 10*^ erg if _Ra ~ 10^ 
cm and i?b ~ 10* cm. This strong (color) interaction may 
result in photon emission by various hadron process (e.g., 
hadron annihilation), with energy > 100 MeV (the EGRET 
telescope covers an energy range from 30 MeV to over 20 
GeV), and could be another way to produce strangelets. 

Merging quark stars, rather than neutron stars 
JEichler et al. 19891) . may result in cosmic 7— ray bursts ob- 
served (GRBs), which could help to eliminate the baryon 
load problem. The released energy is ~ 10^"^ ergs during the 
collision of two quark stars with ~ 10^ cm. The residual 
body should be expected to rapidly rotate, and such a high 
spin frequency may result in a beaming pattern of emission. 
A fireball with low-baryon contamination in this color in- 
teraction event may favor the emission of photons and neu- 
trinos with high energy. Alternatively, rapid rotating quark 
stars being residual via hypernovae could also be possible as 
the central engines. Only non-baryonic particles (e.g., pho- 
tons, neutrinos, and e*) can massively radiated from the 
quark surfaces, since the stellar temperature is initially very 
high (> 10 MeV). A fireball forms then, and the Usov mech- 
anism IIUsov 19981) of pair production in strong electric field 
near quark surface may play an important role at that time. 
The rotation may cause the very irregular lightcurves. 



6 THE ORIGIN OF LOW-MASS STRANGE 
STARS 

This is a real problem which is difficult to answer with cer- 
tainty now. Several scenarios and arguments relevant are 
suggested in this sections, though, in this paper, we focus 
on proposing low-mass strange star candidates and trying 
to attract one's attention to such stars neglected previously. 

1. The origin of millisecond pulsars. An open debate 
on this issue took place in 1996 l |Bhattacharya et al. 1996| ). 
Millisecond pulsars are recycled ones in low-mass X-ray bi- 
naries, the magnetic fields of which decay (by, e.g., en- 
hanced Ohmic dissipation, diamagnetic screening effect, 
etc.) during accretion process, according to the standard 
model. After years of searching for coherent millisecond 
X-ray pulsations, five accretion-driven millisecond pulsars 
have been discovered since 1998 HWijnands 20041 ), which 
are important to test the model. Besides the old prob- 
lems (e.g., birthrate, millisecond pulsars with planets, etc.), 
new puzzling issues are raised in the standard arguments 
( .Rappaport, Fregeau fc Spruit 2004] ). 
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However, the puzzles may disappear if low-mass bare 
strange stars, with rapidly spinning, result directly from 
accretion-induced collapse (AIC) of white dwarfs, but could 
be covered by normal matter if they had high-accretion 
phases in the later evolutions (while the core collapses may 
produce only normal pulsars with mass ~ Mq and radius 
~ 10^ cm). Normal neutron stars created by AIC had been 
investigated with great efforts i |Fryer et al. 1999l l. A deto- 
nation wave, separating nuclear matter and quark matter, 
should form inside white dwarfs, and propagate outwards, 
if quark stars are born via AIC. Though the possibility of 
forming a massive strange star with ~ Mq by AIC might 
not be ruled out, the reason that AIC produces low-mass 
strange star might be simple: The density and temperature 
in an accreting white dwarf may not be so high that the det- 
onation flame reaches near the stellar surface. A low-mass 
quark star could form if the detonation surface is far below 
the stellar surface. 

The newborn low-mass bare strange stars could rotate 
very fast, even to be super-Keplerian (Fig. 4), and would 
spin down if the accretion rates are not very high. Un- 
less the mass is smaller than (0.1 ~ 0.3)M©, the thick- 
ness of crust could be negligible* IXu 2003all . and the max- 
imum X-ray luminosity at the break period [M = 2.3 x 
W''P^r-iBl',/''^i'S,'Rf^' g/s from Eq.JH] is approxi- 
mately, 

. ™ ^ 2.8 X lO^'P^-JJiBli'^HLfRf^' erg/s.(41) 

A strange star with low mass may explain the low time- 
averaged accretion luminosity in bursting millisecond X-ray 
pulsars since Lx oc i?^ *, if it is assumed that bursting X-ray 
pulsars are in a critical stage of P ~ Pbr- It is worth noting 
that, in this stage, the real accretion-luminosity could be 
much lower than Lx presented in Eg. 14111 because only part 
of the accretion matter with rate M could bombard directly 
the stellar surfaces if P < Pbr. 

It is generally suggested that, during an iron-core col- 
lapse supernova, the gravitation-released energy £g ~ 10^^ 
erg is almost in the form of neutrinos, ~ 10~^ of which is 
transformed into the kinetic energy of the outgoing shock 
and ~ 10~* of which contributes to the photon radiation. 
However, this idea is not so successful in modern super- 
nova simulations l)Buras et al. 20031 ILieb 2004)l . since the 
neutrino luminosity could not be large enough for a suc- 
cessful explosion even in the models with the inclusion of 
convection below the neutrinosphere (2D-calculations). We 
note that the bare quark surfaces may be essential for suc- 
cessful explosions of both types of iron-core collapse and 
AIC. The reason is that, because of the color binding, the 
photon luminosity of a quark surface is not limited by the 
Eddington limit. It is possible that the prompt reverse shock 
could be revived by photons, rather than neutrinos. A hot 



° The crust thickness could be much smaller than previous cal- 
culation for static and cold cases due to a high penetration rate 
during hot bursts. 



quark surface, with temperature^ T > 10^^ K, of a newborn 
strange star^" will radiate photons at a rate of 

Ep > A-KR^aT* ~ 7 X IO^^PItA erg/s, (42) 

while the Thomson-scattering-induced Eddington luminos- 
ity is only 

LEdd = 64^^cGmp ^^3 ^ ^o^^^BeoRl erg/s. (43) 

This means that the photon emissivity may play an impor- 
tant role in both types of supernova explosions (i.e., for the 
birth of solar-mass as well as low-mass bare strange stars). 

Strange stars born via this way are certainly bare, since 
any normal matter can not survive from the strong photon 
bursts. A high fall-back accretion may not be possible due 
to massive ejecta, rapid rotation, and strong magnetic fields, 
and such stars could keep to be bare as long as the accretion 
rates are not very high, since accreted matter with low rates 
could penetrate the Coulomb barrier ijXxi 2002^ . As a white 
dwarf collapses to a state with nuclear or supranuclear den- 
sities, strange quark matter seeds may help to trigger the 
transition from normal matter to quark matter. However, 
the seeds may not be necessary, since the transition could 
occur automatically at that high density. 

In the core collapse case, the total photon energy could 
be much larger than the energy (~ lO^^fg ~ 10^^ erg), with 
which the out envelope should be expelled, since the time 
scale for a proto- strange star with T ~ 10^^ is usually more 
than 1 s. In the AIC case, the bounding energy of a progen- 
itor white dwarf with mass ~ Mq and radius ~ 10^ cm is 
Bboun ~ 3 X 10^" erg, and a minimum mass ~ 3 x 10~^Mq 
of bare strange stars would release an amount of -Eboun if 
each baryon contributes about 50 MeV after conversion from 
hadron matter to strange quark matter. In this sense, such 
explosions to produce low-mass strange stars are powered by 
the phase-transition energy, rather than the gravitational 
energy. Certainly, the low-limit can be smaller if the pro- 
genitor white dwarf is less massive. It is then not surprising 
that AIC may produce low-mass strange stars as long as a 
strange quark phase conversion can occur in the center of a 
white dwarf with much high temperature and density. The 
mass of the residual bare quark stars may depend on the 
details of combustion of nuclear matter into strange quark 
matter, especially on the last detonation surface where the 
phase-transition can not occur anymore. Certainly, this sur- 
face would be determined by various microphysics (e.g., how 
much energy per baryon is released during the phase conver- 
sion?). In case the kick energy is approximately the same, 
only solar-mass millisecond pulsars can survive in binaries 
since low-mass pulsars may be ejected by the kick. 

^ This is estimated by only gravitational energy release. The tem- 
perature of low-mass bare strange stars could also be > lO'^^ K, 
since each baryon would release 10 ~ 100 MeV during the quark 
phase transition. 

The thermal conductivity of quark matter is much larger than 
that of normal matter in proto- neutron star crusts. The surface 
temperature of proto-neutron stars can not be so high, otherwise 
a significant amount of stellar matter should be expelled as wind 
(the neutron star mass might then be very small). 

The critical condition may depends on various parameters, 
e.g., the chemical composition, the accretion rate, the thermal 
history, the stellar rotation, etc. 
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Recently, it is suggested by jPopov 2004| l, that low- 
mass compact objects can only form by fragmentation of 
rapidly rotating protoneutron stars, and that such objects 
should have large kick velocities. It is worth noting that 
AlC-produced low mass compact stars might not have large 
kick velocities, which may serve as a possible test of the 
models of formation mechanisms. On one hand, if the kick 
energy -Ekick ~ MV^ {V the kick velocity) is dominantly 
part of the gravitational energy ~ GM^ /R, then one comes 
to V ~ \/M. On the other hand, if -Ekick is mainly part 
of phase-transition energy oc M, then low-mass stars could 
have similar V as that of strange stars with ~ Mq. Frag- 
mentation might hardly occur for quark stars due to the 
color-confinement. 

Additionally, AlC-created pulsar-like stars may help 
to explain various astrophysical phenomena, the re- 
cent work including the kick velocities of millisec- 
ond pulsars jJTauris & B ailes 199611 . the r-process nucle- 
osynthesis of heavy (baryon number A > 130) nu- 
clei {Fryer et al. 1999||^ian fc Wasserburg 2003| l, the ultra- 
high-energy protons accelerated in the pulsar magneto- 
spheres llde Gouveia Dal Pino fc Lazarian 200111 . as well as 
the numerical calculations of millisecond pulsar formation 
in binary systems IITauris et al. 2000l . Nonetheless, besides 
the high-mass stars, it is interesting to determine whether 
an Ll-star (a low- and intermediate-mass star, with mass 
~ 2 ^ M/Mq ^~ 8) can die via a violent event (e.g., su- 
pernova) and maybe produce a low-mass strange star after 
unstable nuclear explosion, by detail calculations and/or ob- 
servations. 

2. The origin of pulsar magnetic fields. The different val- 
ues of /ini (or ^v) of normal pulsars and millisecond pulsars 
(Table 1) may result from their dissimilar physical processes 
at birth (iron-core collapse or AIC). The magnetic momen- 
tum per unit baryon, /ib, could be dependent on the num- 
ber, n, of quarks of each cluster. It is suggestive that of 
pulsars created by core-collapse is bigger than that by AIC 
according to Table 1. A nucleon has a magnetic momentum 
of about nuclear magneton, /^n = 5 x 10~^* erg/G, and the 
corresponding value /im ~ /^N/m-p ~ 3 G-cm'^-g"^, which is 
much larger than that observed in pulsars. This hints that 
the quark clusters in solid quark stars may have a magnetic 
momentum per baryon to be ~ io~('*~^' orders weaker than 
that of nucleons. 



7 CONCLUSIONS AND DISCUSSIONS 

General properties of both rotation- and accretion-powered 
low-mass bare strange stars are presented. It is suggested 
that normal pulsars with ~ Mq masses are produced af- 
ter core-collapse supernova explosions, whereas millisecond 
pulsars with ~ (0.1 — 1)Mq (and even lower) masses could 
be the remains of accretion-induced collapses (AIC) of mas- 
sive white dwarfs. These different channels to form pulsars 
may result in two types of ferromagnetic fields: weaker for 
AIC (/im ~ lO^'' G-cm^-g~^) while stronger for core-collapse 
iHui ~ 10"* G-cm'^-g~^). We note that the low-mass quark 
stars involved in this paper are also with small radii, which 
may be distinguished from low-mass quark stars with large 
radii ( |Alaverdyan, Harutyunyan fc Vartanyan 200 H - 

Some potential astrophysical appearances relevant to 
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low-mass bare strange stars are also addressed. We sug- 
gest that the radio-quiet central compact object, IE 1207.4- 
5209, is a low-mass bare strange star with polar surface 
magnetic field ~ 6 x 10^" G and likely a few kilometers 
in radius, and it is now at a critical point of subsonic pro- 
peller phase, P ~ Pbr, in order to understand its timing be- 
havior. A newborn low-mass strange star could rotate very 
fast, even with a super-Kepler frequency. The radius of the 
dim thermal object, RX J1856. 5-3754, is R > 0.1 km if 
its soft UV-optical component radiates from a spherically 
quasi-static atmosphere around. It is proposed that some 
of the transient unidentified EGRET sources may result 
from the collisions of two low-mass strange stars. It worth 
noting, in our sense, that the so called Massive Compact 
Halo Objects, discovered through gravitational microlensing 
llAlcock et al. 19931 . could also be probably low-mass quark 
stars formed by evolved stars, rather than quark nuggets 
born during the QCD phase transition of the early Universe 
| |Banerjee et al. 2003^ . 

The mass of strange quark matter could be as low 
as of a few hundreds of baryons (strangelets) . Strangelets 
can be evaporated through bare surfaces of new-born quark 
stars, or produced during collision of two (low-mass) quark 
stars. Strangelets with ~ 10*^^ baryons could be de- 
tected as ultra-high energy cosmic rays IIXu fc Wu 200311 . In 
this sense the discrepancy between the observational fluxes 
HAnchordoqui et al. 200^ of AGASA and of HiRes/Fly's 
Eye might be explained, since solid strangelets at initially 
low temperature should be heated enough to ionize the at- 
mosphere and would result thus in low radiation of fluores- 
cence in the later detector. 

Can we confirm the small radius of a low-mass bare 
strange star by a direct observation of future advanced space 
telescopes? This work might be done by the next genera- 
tion Constellation X-ray telescope (to be launched in 2009- 
2010), which covers an energy band of (0.25-100) keV. The 
radii, R, of neutron stars are generally greater than 10 km 
{R of O.IM0 mass neutron stars is ~ 160 km). If pulsars 
are neutron stars, their surfaces should be imaged by the 
Constellation-X with much high space resolution, as long 
as the separation between the four satellites is greater than 
~ \d/R ~ SA-sdioopc/Pe km (Note: the wavelength of X- 
ray photon with 10 keV is A ~ 10~* cm, the distance to a 
neutron star is d — dioopc x lOOpc). However, if these objects 
are bare strange stars with low masses, Constellation-X may 
not be able to resolve their surfaces. 

We suggest also that more electron cyclotron lines could 
be detected by future telescopes. The field strength allowing 
an absorption detectable in Constellation-X is accordingly 
from ~ 2 X 10^° G to ~ 9 x 10^^ G, while that for UVISS (its 
spectroscopy in two ranges: 125-320 nm and 90-115 nm) is 
from ~ 3x 10^" G to ~ lO" G. The detection of lines in radio 
pulsars (especially in low-field millisecond ones) is interest- 
ing and important. We may distinguish neutron or strange 
stars through constraint of the mass-radius relations, by 
knowing the cyclotron-determined B and the timing result 
\pPP [e.g., see Eq.JSJ for low-mass bare strange stars], in 
case that the lines form just above the stellar surfaces. 

The properties of radio emission from millisecond pul- 
sars are remarkably similar to those of normal pulsars 
IIManchester 19921 . although the inferred polar fields range 
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about 4 orders, based on Eq.l^J- However, their fields range 
only ~ 2 orders when the ingredient of mass-changing is 
included, according to Table 1 and Ea. l|13|l . if pulsars are 
actually strange stars. Why has no millisecond pulsar with 
characteristic age Tc < 10* years been found (or why are 
most millisecond pulsars so old)? The answer could be that 
the initial periods, Pq, of millisecond pulsars spread over a 
wide range of ~ 1 ms (or even smaller) to ~ 50 ms, so that 
P is not much larger than Pq [it is thus not reasonable to 
estimate age by Tc = P/{2P)]. Such a distribution of Pq 
may be relevant to their birth processes of AIC. 

Can a core-collapse supernova also produce a low-mass 
bare strange star? This possibility could not be ruled out in 
principle. Likely astrophysical hints could be that the ther- 
mal X-ray emission and rotation power of such a star should 
be lower than expected previously. Additionally, the cooling 
history of a low-mass strange star should be significantly dif- 
ferent from that of solar-mass ones. Observationally, two iso- 
lated "low-field" weak radio pulsars could be low-mass nor- 
mal pulsars (ILorimer et al. 20041 : PSR J0609-|~2130 (P = 
55.7 ms, P = 3.1 X lO'^'') and PSR J2235-f 1506 (P = 57.9 
ms, P = 1.7 X 10~^^). The polar fields inferred from Eq.l|21l 
of low-mass bare strange stars could be higher than that 
from Eq.|0J for rotation powered pulsars, since one has 

Re = 2.9 X lO^^BeoB^iPP, (44) 

from Eq.Q and Eg. llOH . We can therefore obtain radii 
of rotation-powered pulsars in case that electron cyclotron 
absorptions from their surfaces are detected by advanced 
X-ray spectrometry. If these two pulsars have polar fields 
P = 5 X 10^" G, the radu of PSR J0609-h2130 and PSR 
J2235-I-1506 are thus 2 km and 1 km, respectively. The very 
weak radio luminosity might be due to a very small rotation 
energy 7fl^/2 oc and a small potential drop cj> in Eg. 11411 . 
In this sense, many low-mass bare strange stars may be not 
detectable in radio band. 

It is sincerely proposed to search low-mass bare strange 
stars, especially with masses of ~ (10~^ — 1O~^)M0, by re- 
processing the timing data of radio pulsars. The systemic 
long-term variation of timing residual of the millisecond 
pulsar (B1937-I-21) might uncover a companion star with 
mass ~ 10~^M© l |Gong 2003| l. The companion masses of 
pulsar /white-dwarf binaries are estimated to be a few 0.1 Af© 
l |Thorsett fc C liakraba rty 1999| l. Are all these companions 
real white dwarfs (or part of them to be just low-mass 
strange stars)? Only part of the companions (a few ten- 
percents) of pulsar/white-dwarf systems have been optically 
detected. A further study on this issue is then surely neces- 
sary. 

Finally, it is very necessary and essential to 
probe strange quark stars through various observa- 
tions of millisecond-pulsar's environments (planets, ac- 
cretion disks), in order to distinguish these two sce- 
narios on millisecond-pulsar's nature: to be (A) recy- 
cled or (B) supernova-originated. In case (A), plan- 
ets and residual accretion disks could be around 
such pulsars, but possible mid- or far-infrared emis- 
sion is still not been detected ILazio fc l<'ischer 20041 
[Lohmer, Wolszczan fc Wielebinski 2004| l. Another point to 
be not natural in case (A) is: it is observed that planets orbit- 
ing main-sequent stars can only form around stars with high 
metallicities, but the planet captured by PSR B1620-26 is 



in a low-metallicity environment (the globular cluster M4). 
In addition, the formation of pulsar planets is still a matter 
of debate l |e.g.. Miller fc Hamilton 2001| l. In case (B), how- 
ever, observations relevant could be well understood, since a 
pulsar (with possibly low mass) and its planet (s) may born 
together during a supernova (see the discussion at the end of 
§4 and IXu fc Wu 200311 '). and no infrared emission can be 
detected if no significant supernova-fall-back disk exists. If 
the first scenario is right, infrared radiations from both the 
disks and the planets^^ could be detectable by the Spitzer 
Space Telescope and by the present SCUBA-1 or future -2 
detectors of JCMT 15-m ground telescope. But if the later 
is true, only negative results can be concluded. Surely, these 
are exciting and interesting subjects to be proposed when 
these advanced telescopes operate. Besides the radio-loud 
pulsars, it is also valuable to detect sub-mm emission from 
radio-quiet pulsar-like compact objects discovered in high- 
energy X-ray bands, in order to find hints of quark stars. In 
the model presented, compact center objects (CCOs, e.g., IE 
1207.4-5209) and dim thermal Neutron stars (DTNs, e.g., 
RX J1856. 5-3754) might have sub-mm radiation from the 
cold material around the stars; but no sub-mm emission is 
possible if no accretion occurs there. It is then very interest- 
ing to test and constrain the models through observations 
of CCOs and DTNs in sub-mm wavelengths. 

In conclusion, if pulsar-like stars are strange quark stars, 
part of them should consequently be of low-masses unless 
one can convince us that no astrophysical process results in 
the formation of low-mass quark stars. Since they are also 
X-ray emitters, we may expect that some of them could 
have been detected by Chandra or XMM-Newton (e.g., the 
Chandra ~ 1 Ms X-ray survey). 
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